This paper discusses various design strategies and preliminary test results for a Marx generator with specifications of 40 kV, 3.2 kA, 3 μs pulse width, 30 ns rise and fall-times, and 1 Hz repetition rate, for possible replacement of a thyratron and PFL in an existing kicker system. The proposed topology will use 50 stages, each 800 V stage comprising 24 SiC MOSFETs in parallel, each MOSFET conducting about 140 A pulses. First tests using parallel SiC MOSFETs are described and results discussed in light of the proposed topology. Also the overall structure is discussed, as the parasitic inductances are a key issue for this application.
I. INTRODUCTION
Kicker magnets are specialised elements of the beam transfer system of particle accelerators, used to inject and extract beam from an accelerator. The deflection field produced by kicker magnets must rise/fall within the time period between the trains of beam bunches; hence they typically produce rectangular field pulses with fast riseand/or fall-times. In addition, the field must not significantly deviate from the flat top of the pulse or from zero between pulses. Typical field rise and fall times range from tens to hundreds of nanoseconds and pulse widths range from tens of nanoseconds to tens of microseconds [1] .
Most existing kicker systems at CERN rely on established technologies, which include Thyratron switches and pulse-forming networks/lines (PFN/PFL), as shown in Fig. 1 , according to [1] . The schematic shown in Fig. 1 is for a system that uses thyratron switches, hence a Resonant Charging Power Supply (RCPS) is required to minimize untriggered turn-on of thyratrons [1] . In addition Fig. 1 shows a matched impedance (Z) system.
For Thyratrons, long-term availability is a concern: hence alternate fast-switch technologies, based on high power semiconductor devices, such as the Marx generator are being actively pursued [2] . A Marx generator topology would also potentially resolve problems associated with pulse forming: PFNs are complex devices built of many discrete components, difficult to adjust for optimisation of pulse-shapes, and PFLs rely on difficultto-source cable for the highest voltage (≈80 kV) kicker systems.
This paper presents design strategies and preliminary test results for a Marx generator with specifications of 40 kV, 3.2 kA, 3 μs pulse width, 30 ns rise and fall-times, and 1 Hz repetition rate, for possible replacement of a thyratron and PFL in an existing kicker system. The proposed topology will use 50 stages, each 800 V stage comprising 24 SiC Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) in parallel, each MOSFET conducting approximately 140 A pulses. First tests using single and parallel SiC MOSFETs will be described and results discussed in light of the proposed topology. Also the structure of the complete system will be discussed, as the parasitic inductances are a key issue in this application.
II. MARX GENERATOR TOPOLOGY
In order to achieve the required specifications a Marx generator topology is proposed, where the simplified layout is shown in Fig. 2 , [3] . The operation of the circuit in Fig. 2 can be understood considering two main operating modes. Mode 1, charging mode, where the energy storage capacitors Ci are charged in parallel from power supply Udc by diodes Dci and Tci MOSFETs, where during this period load capacitances are discharged to zero through MOSFETs Tci. Mode 2, pulse mode, where a pulse is applied to the load by connecting in series the Ci capacitors via the Tpi MOSFETs [3] , such that that the output voltage, Vo, is equal to nUdc, without losses.
The selection of the Tpi switches is crucial in order to achieve the proposed specifications, considering that fast rise time of the current, approximately 30 ns, is needed and the pulse amplitude is high about 3200 A. SiC MOSFET technology is used, in order to accomplish low on-state voltage drop, high current capability and very fast switching speed. Nevertheless, paralleling of the MOSFETs is mandatory: the parallel paths must have similar and low inductance -similar inductance helps to ensure good transient current sharing. Considering the above criteria, the C3M0065090J SiC MOSFET was chosen, which has the following data-sheet values: 900 V hold-off voltage, 65 mΩ on-state resistance and 90 A pulse current (pulse width limited by maximum junction temperature), in a D2PAK-7L package, with separate driver and power source pins. This last feature is key to reducing the influence of the package power source inductance and the fast rate of rise of current upon the gate voltage and thus to obtain a fast rise time for the current.
For the above MOSFET features, and the specifications for the kicker system, a 50 stage Marx is proposed, each stage comprising 24 SiC MOSFETs in parallel, set in eight groups of three MOSFETs, named a switch unit, each MOSFET conducting about 134 A. Eight parallel capacitors per stage will be used, each of 60 μF with its own switch unit, giving 480 μF per stage, as shown in Fig. 3 . The capacitor associated with each switch unit, Fig. 3 (a) , comprises two parallel 30 μF/800 V capacitors, EPCOS B32776G8306K (30x45x42.5 mm), resulting in 60 μF and 6 nH parasitic inductance.
In this preliminary prototype, which drives a resistive load, each Tci switch, Fig. 2 , consists of four parallel MOSFETs: only four are required as Tci conducts only the capacitor charging current. Fig. 4 shows the layout of the switch unit, shown in Fig. 3 (b) , comprising three parallel MOSFETs: this unit was used to measure the pulse current in each MOSFET, as well as the current rise time for various load currents.
III. SINGLE SWITCH UNIT TEST
The circuit in Fig. 4 was tested with an input voltage up to 800 V, switching into a resistive load of 1.5 Ω. One example of operation is shown in Fig. 5 , giving an overall current of 500 A for 750 V input, resulting in 167 A in each MOSFET. Rise and fall times were measured as 24.4 ns and 29.5 ns, respectively. The circuit in Fig. 4 was tested for more than 100 hours, with pulse widths up to 10 μs and frequencies up to 10 Hz, without failure. The leakage current of the MOSFETs, measured before and after the 100 hours of operation, was very similar, which indicates that there was no major degradation of the devices.
The current sharing of the MOSFETs shown in Fig. 4 was determined by measuring the voltage across the drain pins, which is proportional to Ldi/dt, shown in Fig. 6 for one device: the integral of this waveform is proportional to the current in the device.
Considering the technique described, the current sharing in each devices was calculated as: MOSFET 1, 166 A (33.1%); MOSFET 2, 152 A (30.5%); MOSFET 3, 182 A (36.4%). The small current differences between the devices are attributed to the external layout of the circuit and not to the operation of each MOSFET.
IV. MARX STAGE TEST
Finally, a complete Marx stage was tested to obtain the full current of 3.2 kA as specified. In order to do this, a coaxial structure was used to limit the inductance: the current flows to the load and returns back to ground externally, as shown in Fig. 7 .
The Marx stage of Fig. 7 was tested with 800 V supply voltage and a 0.25Ω resistive load, operating with 3.5 μs pulse width at 1 Hz repetition rate: the voltage pulse measured across the load resistor is shown in Fig. 8 .
The rise and fall portions of the voltage in Fig. 8 are presented in more detail in Fig. 9 , where the rise and fall times can be measured as 62.9ns and 34.7ns, respectively.
From Fig. 8 , it is possible to observe a voltage drop of 40 V at the start of the pulse, due to the on-state resistance of the semiconductors and resistance of the conductors of the circuit., Finally, Fig. 10 shows the layout of a four Marx stage assembly, for the structure presented in Fig. 7 .
Testing of the assembly of the four-stage structure, presented in Fig. 10 , will be started in the near future to understand how the results presented here for the current waveform scale with increasing voltage.
V. SUMMARY
Initial studies and experimental measurements for a semiconductor based Marx generator, for delivering 40 kV, 3.2 kA, 3 μs pulse width, 30 ns rise and fall-times, and 1 Hz repetition rate, pulses has been presented. The aim is to develop a system for possible replacement of an thyratron and PFL in an existing kicker system. In order to achieve this, parallel SiC MOSFETs switching topologies were proposed, for sharing the high current pulse amplitude.
Preliminary results with one Marx stage, operating at 800 V and rated current, 3200 A, show promising rise and fall times, indicating that parallel SiC MOSFET technology can be used in fast high current pulsed power applications, in particular for replacing Thyratrons and PFLs in kicker applications.
Additional tests with several stages are needed to investigate the overall performance and reliability of the proposed Marx generator topology, which will indicate if this technique can be considered a promising candidate for high current pulsed power generators for accelerator applications. 
VI.

